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ABSTRACT

Introduction: ZnO is a potential semiconductor material for thermoelectric (TE) applications at
high temperature. In this study, doping Bi atoms aims to improve the power factor of ZnO ceram-
ics. Based on the analyses of structural and TE properties, the enhancement in the Seebeck co-
efficient proves the benefit of Bi doping. Methods: ZnO and Bi-doped ZnO (BZO) ceramics were
fabricated by a solid-state reaction at 1400°C in air. The Seebeck LSR-3 system measured both sam-
ples' TE properties, with a combined Hall effect at room temperature. The crystalline structure was
analyzed through the X-ray diffraction (XRD) technigue. Results: The XRD patterns show that all
samples have polycrystalline hexagonal wurtzite structures. Although the crystallinity is enhanced,
Bi doping significantly reduces the carrier concentration from 3.4x10'° to 1.1x 10" cm=3 at room
temperature. As a result, at 500°C, the electrical conductivity, Seebeck coefficient, and power fac-
torare 126 Scm~!,-99 uVK=!, and 124 uWm~'K=2 for pure ZnO and 76 Scm~!, -142 uVK=!, and
165 uWm~!K=2 for BZO ceramic, respectively. Conclusion: The power factor of Bi-doped ZnO is
improved by 32% compared to pure ZnO at 500°C. The increase in the Seebeck coefficient is the
main reason for the increase in the power factor.

Key words: Thermoelectric properties, ZnO ceramics, Bismuth doping, microstructure, power

factor

INTRODUCTION

Thermoelectric (TE) materials can directly convert
waste heat into electric energy thus, the efficiency of
energy consumption is significantly enhanced!. In
addition, they also have some advantages, including
no fume emission and quietness2. One of the perfor-
mances of TE materials is estimated by the power fac-
tor, PF = 0S2, where ¢ and S are the electrical con-
ductivity and Seebeck coefficient, respectively. This
quantity represents the energy harvesting ability>.

Currently, traditional alloy materials have high-
quality TE properties, such as Biy Te3 * and Bi-Sb-Te”.
However, these materials are limited by a short range
of operation temperatures®. Therefore, the develop-
ment of oxide materials is necessary to expand appli-
cations in a broad temperature range. Herein, ZnO is
one of the promising oxide materials for TE modules
at high temperature”~°. ZnO has some benefits, such
asa wide bandgap of 3.37 eV at room temperature and
the ability to easily control structural and electrical
properties through doping '°. In previous reports, to
improve PE, many elements were chosen for doping
into ZnO, typically the ITIA group (Al'b12, Gal314,
In'®), or synthesizing hybrid nanostructures, such as

compositing ZnO with graphene !17. However, due
to the good Zn substitution of the IIIA elements, the
good crystalline structure and a high carrier concen-
tration normally strongly increase the thermal con-
ductivity of ZnO films. To solve this problem, there
have been some reports on other metallic dopants in
ZnO, such as Bi'%, Sn1?, b2, and Ni?!. These tran-
sition metals have large ionic radii and heavy atomic
masses, which are beneficial for increasing phonon
scattering and thus reducing the thermal conductivity
of ZnO. Nevertheless, these elements are also easy to
segregate in secondary phases and grain boundaries
due to their low solid solubility in ZnO &1, It can
significantly degrade the crystalline quality and ther-
moelectric performance of the host ZnO material.

In this work, bismuth (Bi) dopant is selected for inves-
tigation. Bi has a larger ionic radius (1.1 A) than Zn
(0.74 A); however, it can still dissolve well in the ZnO
network 22, The results show that Bi doping has the
potential to increase the thermoelectric power factor
of ZnO without creating secondary phase segregation.
As a result, the 2 at.% Bi-doped ZnO ceramic shows
an enhancement in the thermoelectric power factor
by 32% at 500°C compared to pure ZnO.
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MATERIALS - METHODS

Both pure ZnO and Bi-doped ZnO (BZO) ceramics
were prepared by a solid-state reaction in air. For the 2
at.% Bi-doped ZnO sample, a mixture of ZnO (99.9%,
Merck), Bip O3 (99.9995%, Alfa Aesar) powders, and
2" _djstilled water were mixed and ground in a corun-
dum mill pot for 5 hours by using a planetary ball
milling apparatus (Ceramic Instrument). After that,
the slurry was completely dried at 120°C for 24 hours
to evaporate the water. By using a stainless-steel die
with an inner diameter of 3 cm, the dried mixture
was pressed under 14 MPa produced from a hydraulic
compressor. Finally, the green compact bodies were
sintered at 1400°C in air for 3 hours at a temperature
acceleration rate of 5°C/min. After the sintering pro-
cess, the pellets were polished by sandpapers with 400
and 1000 grit to remove surface contaminants.

The crystalline characteristics of the samples were de-
termined by an X-ray diffraction system (Bruker D8-
Advance) with a radiation source ( = 0.154 A), the 6-
26 configuration, and the 26 region from 20° to 80°.
The 10x 10x 1 mm?-sized pieces were used for mea-
suring the electrical parameters (carrier concentra-
tion, mobility) by a Hall measurement system (Ecopia
HMS-3000) at room temperature. Before the Hall
measurement, the ohmic electrodes were soldered at
four corners of the square pieces by indium-tin al-
loy. The temperature-dependent electrical conductiv-
ity, Seebeck coefficient, and thermoelectric power fac-
tor of the samples were simultaneously obtained from
room temperature to 500°C by using a Linseis LSR-3
system. All the measurements were analyzed at least
three times for repeatability and error margin calcu-
lation.

RESULTS

Figure 1 shows XRD patterns of pure ZnO and BZO
ceramics. According to the JCPDS No. 36-1451 stan-
dard, the diffraction peaks represent the hexagonal
wurtzite structure of ZnO. The intensity of the diffrac-
tion peaks increases significantly when Bi** is doped.
In addition, small strange peaks appear at approxi-
mately 31.31° and 36.94° in the BZO sample. They
can belong to the secondary -Bi, O3 phase or spinel in
host ZnO due to the limited solid solution of Bi;O3
powder?2. To consider the effect of Bi doping on the
structure of ZnO, some crystallographic parameters
were determined.

First, the mean crystal size D is defined by Scherrer’s

equation ®°:

0.91
b= Bcos 6 W
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where A is the wavelength of CuKa X-ray radiation
(0.154 nm), B is the full width at half maximum
(FWHM) of the diffraction peaks, and is the Bragg
diffraction angle.

Second, the lattice strain 1) is an important parameter
that suggests the perfection degree of crystals, as given
by 224,

__B )
n(%) = Ting < 100% 2

The mean crystal size and lattice strain of ZnO and
BZO are listed in Table 1. The positions of preferred
planes, including (100), (002), and (101), tend to shift
toward lower 20 angles. This can be explained by
Zn2* substitution of Bi*T with a larger radius 2.

Third, the lattice constants of the samples are shown
in Table 2, which can be estimated by the following

equations 2>26:
we—r 3)
\/§sin 9(100)
A
€= sin 9(002) (4)

where a and c are lattice constants along the a- and
c-axes, respectively.

Figure 2 shows the electrical conductivity as a func-
tion of temperature. Generally, both samples behave
as nondegenerate semiconductors because the elec-
trical conductivity increases with temperature. At
500°C, the conductivities are found to be 126 Sem ™!
and 76 Scm ™! for the ZnO and BZO ceramics, respec-
tively. Over the range of room temperature - 500°C,
the electrical conductivity of ZnO is degraded nearly
1.7 times by doping Bi.

To deeply consider the electrical properties, the
charged carrier concentration and mobility of ZnO
and BZO are listed in Table 3. The carrier concentra-
tion of the ZnO ceramic is 3.4x10!° cm—3, which is
larger than that of the BZO sample (1.1x 10'9 cm—3).
On the other hand, the mobility increases slightly
from 16.7 cm?/Vs (ZnO) to 18.2 cm?/Vs (BZO). The
results of electrical conductivity obtained from the
LSR-3 and Hall measurements are reasonable. Thus,
the reduction in electrical conductivity can be mainly
attributed to the degradation of the carrier concentra-
tion.

Figure 3 shows the Seebeck coefficient as a function of
temperature. All samples have negative Seebeck co-
efficients, suggesting n-type semiconductor behavior.
The absolute Seebeck coeflicient increases remarkably
with temperature. At500°C, the BZO ceramic obtains
a maximum of -142 [JVK_I, which is an improve-
ment of 70% compared to that of the ZnO sample (-
99.34 VK.
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Figure 1: XRD patterns of pure ZnO (bottom) and BZO (top) ceramics. All the patterns are similar to the ZnO
structure (JCPDS No. 36-1451).

Table 1: The calculations of mean crystal size and lattice strain along preferred orientations of ZnO and BZO

ceramics.
Samples ZnO BZO
Planes (100) (002) (101) (100) (002) (101)
26 () 31.86 34.50 36.33 31.81 34.49 36.32
FWHM (°) 0.164 0.159 0.178 0.137 0.158 0.161
D (nm) 50.36 52.60 46.98 60.10 57.73 51.89
n (%) 0.250 0.222 0.233 0.210 0.221 0.214

Table 2: The lattice constants of ZnO and BZO ceramics.

Samples a(A) c(A)
ZnO 3.239 5.192
BZO 3.244 5.194
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Figure 2: Dependence of electrical conductivity on temperature of pure ZnO (red squares) and BZO (blue circles)
ceramics. The error margin of the conductivity is approximately 5%.

Table 3: Electrical parameters of ZnO and BZO ceramics at room temperature.

Samples Hall measurement LSR-3

n (10" cm™3) U (cm?v—ls—1h) o (Sem™1) o (Sem™)
ZnO 34£02 16.7 £ 0.3 90.8 = 7.1 99.58 + 6
BZO 1.1+0.3 182+ 0.5 32.0£9.38 4527 £5.72

Figure 4 shows the thermoelectric power factor as a
function of temperature. The power factors of the
two samples increase significantly with temperature.
At 500°C, the PF of the BZO ceramic is found to be
165 qu*IK*Z, which is enhanced by 32% com-
pared to that of the ZnO ceramic (124 yWm~'K~2).
Although Bi doping reduces the electrical conductiv-
ity of the BZO sample, its Seebeck coefficient is im-
proved. Therefore, the enhancement of PF is mainly
contributed by the compensation of the Seebeck coef-
ficient.

DISCUSSION

The BZO ceramic material has better crystallinity
than ZnO due to the increased diffraction intensity,
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large crystal size, and reduced lattice strain along
with the preferred (100), (002), and (101) orienta-
tions (Figure 1). The possible reason can come from
the Zn2" substitution of Bi** with a larger radius.
In addition, the Zn** substitution of Bi*T tends to
shrink the unit cell of ZnO. Unexpectedly, the elec-
trical conductivity of BZO is lower than that of the
ZnO ceramic (Figure 2). The reduction in electri-
cal conductivity is attributed to the decreased carrier
concentration. It is well known that Bi dopants have
many oxidation states, including Bi3*, Bi2™, BiT, and
Bi® 2728, Consequently, the existence of unexpected
oxidation states (Bi2+, Bit, and Bio) can destroy the
electrical characteristics of ZnO. On the other hand,
owing to the reduction in carrier concentration, the
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Figure 3: Dependence of the Seebeck coefficient on the temperature of pure ZnO (red squares) and BZO (blue
circles) ceramics. The error margin of the Seebeck coefficient is approximately 5%.

Seebeck coefficient of the BZO ceramic is significantly
enhanced (Figure 3). This trade-off can be described

by the following equation 2°-31:
2
872k T\3 (5)
= *7(=)3
3e2 " ( 3n)

where kg is the Boltzman constant,e is the elemen-
tary charge, h is the Plank constant, mji is the effective
mass, T is the absolute temperature, and n is the car-
rier concentration. Through equation (5), S is propor-

tional to n—2/3

. Consequently, the increased Seebeck
coefficient compensates for the diminished electrical
conductivity, leading to the enhanced TE power fac-
tor.

From the results, despite decreasing the electrical con-
ductivity, Bi doping shows good potential for improv-
ing the thermoelectric power factor of the ZnO mate-
rial due to a significant enhancement in the Seebeck
coefficient. In the literature, there have been only a
few studies on Bi-doped ZnO ceramic materials. Ta-
ble 4 illustrates the comparison of the electrical and
thermoelectric properties of the Bi-doped ZnO mate-
rial reported previously. The Bi-doped ZnO obtained

from this study has a much higher carrier concen-
tration and mobility than other reports 1332, This is
attributed to the good Zn substitution of Bi, which
produces many free carriers and improves the crys-
talline structure of ZnO. As a result, the electrical con-
ductivity is significantly enhanced, leading to an out-
standing value of the power factor of Zng 9gBig 020O.
However, to fully estimate the thermoelectric perfor-
mance, the thermal conductivity must be determined.
This quantity is not considered here and will be inves-
tigated in a future study.

CONCLUSION

In this work, the crystallographic, electrical, and ther-
moelectric properties of ZnO and 2 at.% Bi-doped
ZnO are investigated. Through the XRD results, the
Bi atoms incorporate well into the host ZnO net-
work, which improves the crystalline structure and
the carrier mobility of ZnO. However, because Bi has
many oxidation states, Bi doping may damage the
charged carrier concentration of ZnO. For the BZO
ceramic, the electrical conductivity is reduced to 76
Scm™!, while the Seebeck coefficient is increased to
-142 uVK‘l at 500°C. As a result, the power factor is
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Figure 4: Dependence of the power factor on the temperature of pure ZnO (red squares) and BZO (blue circles)
ceramics. The error margin of the power factor is less than 10%.

Table 4: Comparison of the electrical and thermoelectric properties of Bi-doped ZnO.

Composition ~ Method n u o S PF Ref.
(em™3) (ecm?/Vs) (S/em)  (uV/K)  (uW/mK?)
ZnpgoBigp1O  Microwaving/Solid-state ~ ~10° 15 0.002 -520 0.054 (RT) B
reaction
Zng.93Bip 2O  Spark plasma sintering ~10'8 10 2.5 -550 75.6 (700°C) £2
ZngogBigpO  Solid-state reaction ~10° 182 76.1 -142 165 (500°C)  This
work
enhanced by 32% to 165 uWm~'K~2. This enhance- COMPETING INTERESTS

ment is contributed by optimizing the Seebeck coeffi-

cient rather than the electrical conductivity.

LIST OF ABBREVIATION

BZO: Bi-doped ZnO
PF: Power factor

RT: Room temperature
TE: Thermoelectric

XRD: X-ray diffraction
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